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In equation (45), the right-hand side is known, and the | eft-hand side has two unknowns: o, and g. Thus,
there are multiple combinations of o,,,,, and oy for finding the equivalent-constant-amplitude load spectrum. The
most practical way isto choose the value of the mean stress o of the random loading spectrum by inspection, and
then calculate the equivalent maximum stress g, from equation (45).

NUMERICAL EXAMPLE

The numerical example isto demonstrate how to calculate the number of safe flights for aflight test program.
The example chosen isthe NASA B-52B carrier aircraft pylon hooks (one front hook, two rear hooks) (figs.1, 2)
carrying the Pegasus winged three-stage solid rocket (44,629 Ib) up to high altitude (approximately 40,000 ft) for
air-launching, firing and sending the payload into orbit.

Material Properties

The material properties of the B-52B pylon front and rear hooks are listed in table 2.

Table 2. Material properties of B-52B pylon hooks.

Part name Material oy oy Ty Kig C m n
in. . —,\—m
i i i i fi KsiA/in.
ké ks ks ksi.in. oyl = Jin.)
Front hook Inconel 718" 175 145 135 125 9.220 X 10_12 360 216
Rear hooks AMAX MP35NT 250 235 141 124 2.944 x 10_11 324 1.69

* Inco Alloys International, Inc., Huntington, West Virginia.
T H. C. Starck, Inc., Cleveland, Ohio.

Input Crack Data

The fictitious surface crack at the critical stress point of each hook is assumed to be semicircular in shape
(c=4a, fig. 14). This is based on the observations of the past failed B-52B pylon two rear hooks. The crack
propagation initiation sites of the failed hooks were almost semi-circular surface cracks of depthsa =0.031 in. and
a = 0.038 in. respectively for the inboard and outboard hooks (ref. 2). Note from figure 14 that the semicircular
surface crack has the relatively high value of Q. Other crack parameters used were: A =1.12 for the surface crack,
and M. = 1.0 for the high (hook depth) to (crack depth) ratios.
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New aging theories have been developed to establish the safe life span of airborne critical structural
components such as B-52B aircraft pylon hooks for carrying air-launch drop-test vehicles. The new aging theories
use the " equivalent-constant-amplitude loading spectrum” to represent the actual random loading spectrum with

ABSTRACT

the same damaging effect.

The crack growth due to random loading cycling of thefirst flight is calculated using the half-cycle theory, and

then extrapolated to all the crack growths of the subsequent flights.

The predictions of the new aging theories (finite difference aging theory and closed-form aging theory) are
compared with the classical flight-test life theory and the previously developed Ko first- and Ko second-order
aging theories. The new aging theories predict the number of safe flights as considerably lower than that predicted
by the classical aging theory, and dightly lower than those predicted by the Ko first- and Ko second-order aging

theories due to the inclusion of al the higher order terms.

[
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NOMENCLATURE

crack location parameter

depth of semi-elliptic surface crack, in.

operational limit crack size, in.

initia fictitious crack size established by proof load test, in.
crack size at the end of the I-th flight, in.

material constant in Walker crack growth rate equation, Lif (ksi/in)

cycle
half length of surface crack, in.

complete elliptic function of the second kind

number of safe flights at the first flight

number of safe flights based on Ko first-order aging theory
number of safe flights based on Ko second-order aging theory
number of safe flights based on Ko discrete aging theory
number of safe flights based on Ko closed-form aging theory
fraction of proof load (f < 1)

kilopounds

mode | critical stress intensity factor, ksi /in.

mode | stressintensity factor associated with g, , ksiJ/in.
mode | stressintensity amplitude, ksi ./in.

=1,2, 3, ...,integers associated with thei-th, or j-th half cycle

modulus of elliptic function



=123, ...,integer associated with the I-th flight
flaw magnification factor

Walker exponent associated with maximum stress g, ... , or stress amplitude (o,

ax
number of stress cycles consumed during the |-th flight
total number of stress cycles allowed for safe flights
Walker exponent associated with stressratio R

surface flaw and plasticity factor

stressratio, R = Omin

/ O nax

solid rocket booster/drop test vehicle

front hook load, Ib

|eft rear hook load, 1b

right rear hook load, Ib

front hook proof load, Ib

left rear hook proof load, Ib

right rear hook proof load, Ib

amount of crack growth induced by the I-th flight, in.
crack growth induced by thei-th half cycle, in.

angular location of critical stress point measured from horizontal axis, degree
tangential stress at critical stress point of front hook, ksi
tangential stress at critical stress point of left rear hook, ksi
tangential stress at critical stress point of right rear hook, ksi
:0: or 0; or O';,kSi

value of g, associated with VR, ks

value of o, associated with VgL , ks

value of g5 associated with VER, ksi

ultimate tensile stress, ksi

yield stress, ks

maximum stress, ks

minimum stress, ks

mean stress, ks

tangential stress at hook inner boundary, ks

maximum value of O, ks

max — Gmin)



Ty ultimate shear stress, ksi

() guantity associated with the i-th stress half cycle
() quantity associated with the I-th flight
Q angular coordinate for semi-elliptic surface crack, rad

INTRODUCTION

The NASA Dryden Flight Research Center (DFRC) B-52B launch aircraft has been used to carry various types
of research vehicles by means of pylon hooks for high-altitude air-launch tests. The past air-launch vehicles
include the following drop-test vehicles: the X-15 rocket plane (35,250 |b without drop tanks; 51,600 Ib with drop
tanks); HL-10 lifting body (15,380 Ib); highly maneuverable aircraft technology (HIMAT) vehicle (3,528 Ib with
4,000 Ib adapter); the drone for aerodynamic and structural testing (DAST) vehicle (2,500 Ib with 4,000 Ib
adapter); the solid rocket booster/drop test vehicle (SRB/DTV) (49,000 Ib); Pegasus (Orbital Sciences Corp.,
Fairfax, Virginia) winged rocket (44,629 Ib including 2,400 |b adapter); and X-38 drop test vehicle (18,100 Ib).
Each of the test vehiclesis attached to the B-52B aircraft pylon through one L-shaped front hook and two identical
rear hooks with the exception of the X-38. (The X-38 case used one front hook and one rear hook of a different
pylon (ref. 1).) The L-shaped hook geometry will always induce tangential tensile stress concentration at the hook's
inner curved boundary, which isthe potentia fatigue-crack initiation site.

During the early stages of the SRB/DTV flight test program, the two old rear hooks (4340 steel) failed almost
simultaneously during towing of the B-52B carrying the SRB/DTV on arelatively smooth taxiway (low-amplitude
dynamic loading) after cancellation of the drop test due to unfavorable weather. Careful examination of the
fracture surface of each failed old rear hook revealed that each hook had an existing microsurface crack at the
critical stress points from where the microcrack rapidly propagated, resulting in the hook failure (ref. 2). The
surface microcrack could have been initiated from the previous long period of flight-test stress cycling and surface
corrosion. Had the hook failed during the takeoff run or during the captive flight, a catastrophic accident might
have occurred. The potential for this type of accident underscores the need for reliable and accurate predictions of
the fatigue life of pylon hooks.

Using the half-cycle theory (ref. 3), Ko (refs. 4, 5) calculated the amount of crack growth at the critical stress
point of each hook for each test flight using the actual random loading spectrum. Then, with certain assumptions,
the Walker crack-growth equation was applied to formulate Ko first-order (ref. 5) and Ko second-order aging
theories (refs. 6, 7) for predicting the number of remaining flights for the safe flight tests. Those theories predicted
far fewer safe flights than those calculated from the classical aging theory. The Ko theories, however, were found
to lose accuracy as the number of flights increases due to the neglected higher-order terms which become larger
due to growing crack size.

The safety of flight tests using aircraft pylon hooks to carry any drop-test vehicle hinges upon the structural
integrity of the pylon hooks. It is, therefore, of vital importance to develop highly accurate aging theories to set the
limit of safe flight-test life span for airborne critical structural components such as B-52B aircraft pylon hooks.
This report presents two new aging theories for establishing the safe flight-test life span of B-52B hooks. The
results are compared with the earlier Ko first- and Ko second-order aging theories, and also with the conventional
aging theory for predicting the number of safe flights.



B-52B LAUNCH AIRCRAFT PYLON HOOKS

Figure 1 shows the B-52B aircraft pylon carrying a particular store of Pegasus winged rocket through one front
hook and two identical rear hooks before takeoff. Figure 2 shows the geometry of the front and rear hooks, with the
location of the critical stress point for each hook indicated. Figures 3 and 4, respectively, show the tangential
tensile stress distributions along the inner boundaries of the front and rear hooks calculated from the finite-element
linear elasticity analysis (ref. 2). Note the tangential stress concentration at the critical stress point of each hook.
Based on the finite-element stress analyses, the relationships between the hook loads {Va (front hook), Vg, (left
rear hook), Vg (right rear hook)} (in Ib) and the tangential tensile stresses { 0|, 0,, 03} (inksi) at the respective
hook critical stress points{1, 2, 3} were previously established as (ref. 2)

Front hook:

0, = 73522 %107V, 1)
Left rear hook:

0, = 5.8442x 10 Vg, @
Right rear hook:

0y = 5.8442 % 10V ©)

During the flight tests, the loading spectraof {V ,, Vg, Vg are obtained from the outputs of strain gages
attached in the vicinity of the critical stress points of the hooks. The random cycling spectra of the critical point
stress{ 0}, 0,, 05} arethen calculated from equations (1) through (3) respectively.

Figure 5 shows the random loading spectra for the three hooks during the takeoff and ascent of the B-52B
carrying the SRB/DTV. Note that the magnitude of hook loading is more severe during the takeoff run than during
airborne cruising. Figure 6 shows similar data during the landing of the B-52B carrying the SRB/DTV after an
aborted flight test. Based on the data in figure 6, the peak hook loads at the moment of touchdown are listed in
table 1 below.

Table 1. Peak touchdown hook loads; SRB/DTV.

Proof hook load, Ib Touchdown hook load, Ib Fraction of proof hook load

p_ — —
Vp =36,520 V, = 25600 f=07
P _ — —
Vp, = 44,110 Vg, = 29,000 f = 0.6574
b _ — —
Vpg =44,230 Vgr = 25,500 f = 05765




From figures 5 and 6, it is seen that landing consumed far more fatigue life than the takeoff run.

Figures 7-12 show portions of the random stress cycling spectraof { g,, 0,, g3} of the front and rear hooks
carrying the SRB/DTV (figs. 7, 9, and 11), and the corresponding fatigue crack growth curves (figs. 8, 10, and 12).
The fatigue crack growth curves shown in figures 8, 10, and 12 were calculated using the half-cycle theory to
estimate the damage done by each half cycle of the random stress cycle spectra shown in figures 7, 9, and 11
(refs. 3, 4), the only data available. Note that taxiing and takeoff consumed a great deal of hook service life because
of higher crack growth rate due to high amplitude stress cycling because of ground surface effect. The crack
growth rate then slowed during cruise because of the smooth air and the absence of ground surface effect.

CONVENTIONAL AGING THEORY

For each airborne structural component (e.g., B-52B pylon hook), let ag be the initial fictitious crack size at
the critical stress point associated with the static proof load test, and let ag be the corresponding operational crack
size associated with the peak operational load (a fraction of the proof load), then {ag , ag} can be calculated
respectively from the following crack tip equations based on fracture mechanics:

o K.

ab =97 < @
T[ElAMKaD
o K

ao = 9 ]—|C ;o <l (5)

”ElAMKfJ*D

where ch is the critical stress intensity factor, o is the value of {U;,a;,o';} at the respective critical stress
point calculated respectively from equations (1)—(3) using the respective hook proof load values
{Vf\, VEL, VER} ; f o (f< 1) isthe operational stress at the critical stress point; A isthe crack location parameter
(A = 1for through-thickness cracks, A = 1.12 for both surface and edge cracks); and M, isthe flaw magnification
factor (M, = 1 for very shallow surface cracks, M, = 1.6 when the crack depth approaches the back surface).
Finally, Q is the surface flaw shape and plasticity factor for an elliptic surface crack (Ilength 2c, depth a) (fig. 14,
ref. 4) and is described as

*—2
Q= [E(k)f— 0212 %E (6)

where oy, istheyield stress, and E(K) is the complete elliptic function of the second kind defined as

E(k) = JEA/l _1sin’p do 7
0



Because f < 1, the size of ag is larger than that of aE (equations (4), (5)), the crack size differentia
(ag - aE) will be the limit of available crack growth for setting the number of safe flights.

If Aa, is the amount of fictitious crack growth from the size ag during the first test flight, then the
conventional age equation for estimating the available number of flights F, for a particular airborne critical
structural component is given by

0 p
a.—a

F — C (8)
1
Aal

Equation (8) assumes that the amount of crack growth per flight remains constant, and therefore, after each test
flight, the number of safe flights will decrease linearly by just one flight. This assumption is highly inaccurate
because the crack growth is progressive. As such, equation (8) is nonconservative and overpredicts the number of
safe flights. Thus, for safe flight tests, more conservative and accurate aging theories are needed.

CRACK GROWTH CALCULATIONS

For constant-amplitude stress cycling, the fatigue crack growth is described by the following well-known
Walker crack growth rate equation:

da -
iy = CKmgd (1=R)"= C(aK)"(1-R)"™" (©)
where, C, m, n are material constants, K, is the maximum stress intensity factor, AK is the stress intensity

amplitude, and R is the stress ratio given respectively by

Kmax = AMkamax,\/%a (10)
AK = AM (G oy = O i) J%a (11)
g..
R =0 (12)
Omax

where o, ad o, ae respectively the maximum and the minimum stresses of constant amplitude stress
cycles.

For the random stress cycling, the half-cycle theory (refs. 3—7) may be used for the fatigue crack calculations.
The half-cycle theory assumes that Walker crack growth equations (9)—<12) are valid to describe the damage done
by each half cycle of the random loading spectrum. Under such an assumption, the amount of crack growth g
caused by thei-th (i=1, 2,3, ... ) half cycle of the random loading spectrum may be written from equation (9) by
setting da = da; and dN = 1/2. Namely:

6



ga, = %c [(Kmax)}m(l —R)"= %C(AKi)m(l —R)"™ (13)

with

& _
(Kmax)i = AMk(amax)i T (14)

(AK)i = AMk[(Umax)i - (amin)i} (Ig_l (15)
(amin)i
= 16

where the subscripti (i=1, 2,3, ... ) isassociated with thei-th half cycle, and a, _, isthe crack size at the end of
the (i — 1)-th half cycle.

If N, isthetotal number of random stress cyclesinduced by thel-th (1 =1, 2, 3, ... ) flight, then the amount of
crack growth Aa, caused by the |-th flight may be calculated from

2N,

da, = _Zl %3 (17)

In equation (17), the calculation of the right-hand side can be carried out through the use of special computer
programs which sweep through all of the random stress-cycle data to pick up the values of {(amax)i, (amin)i}
and calculate da; [equations (13)—16)] for each half cycle, and then sum Ja; over 2N, half cycles (not N, ) to
obtain the value of Aa, .

It must be mentioned that the predictions of fatigue life by the half-cycle theory compare well with the
experimental fatigue data (ref. 3). Figure 13 illustrates the method of summing up the crack growth increments
caused by the random stress cycling when the half-cycle theory is used (refs. 5-7).

EQUIVALENT-CONSTANT-AMPLITUDE AGING THEORIES

The purpose of establishing the equivalent-constant-amplitude aging theories is to use the first-flight data to
predict the number of future safe flights when the crack growth data for subsequent flights are not available. The
approaches of the new aging theories are described below.

First, the random loading spectrum obtained from the first-flight data is represented with an
“equival ent-constant-amplitude loading spectrum”; then the Walker crack growth equation (9) is used to formulate
the new aging theories for the calculations of the number of future safe flights. The equival ent-constant-amplitude
loading spectrum is assumed to cause the same damage effect as the actual random loading spectrum based on the
following assumptions:



1. The equivalent-constant-amplitude-loading spectrum induces the same amount of crack growth as
Ag (1=1,2,3,...) caused by the random loading spectrum of each flight.

2.  The equivaent-constant-amplitude loading spectrum has the same number of stress cycles
N, (1=1,23,...)astherandom loading spectrum of each flight.

3. Thevauesof{ g,
flights.

ax» R Ny } for the equivalent-constant-amplitude | oading spectraremain the same for all

The equivalent-constant-amplitude aging theories will be formulated by the following two approaches: the
“discrete” aging theory and the “closed-form” aging theory.

Discrete Aging Theory
For the discrete aging theory using an “equivalent-constant amplitude loading spectrum,” the Walker crack
growth rate equation (9) is written in finite-difference form with each flight duration as a finite-difference interval.

Then, the crack growth Aa; of thel-th flight is expressed in terms of the crack growth Aa, of thefirst flight in the
formulation of the discrete aging theory.

1. Crack Growth

Writing K .. [equation (10)] for the (I —1)-th flight in the following form:

_ T8 _
Kmax = AM kamax Q (18)

where a, _, isthe crack size at the end of the (I — 1)-th flight. Then the Walker equation (9) may be written in the
following finite-difference form to relate the number of stress cycles N, to the corresponding crack growth Ag
for thel-th flight (refs. 5-7) as

_ .0 i
Aa = C%}AMkamegE (1-R) (a_) N, (19)
For thefirstflight, a,_, = a,_, = as, and equation (19) takes on the following form:
m
0 2
88, =C CAMy Gy, [_?”%d (1-R"@" "N, (20)

Because the values of { 0,,,,,» R, N} are assumed to remain the same for all flights, Aa, is proportional to
m
(a,_,)? only, and equation (19) written for the I-th flight may be divided by equation (20) written for the first

flight to relate Aa of thel-th flight to Aa, of thefirst flight. Namely,

8
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da, g
Za, T Opd 7! =)
I @0
m m
da, [@ 02 O Aaf?
— =3—=0 =04d+— (22
da; PO O PO
C C
m m
Aa (A, 02 O Aa, +Aa ]2
2% _ B2p- g+ 22 %% 23)
a;  [RPO O aP O
C C
m m
da, [, 02z O Aa, + Aa, + Aay[12
— = [= =+ {] (24)
da; PO O aP O
C C
o m
Aday  [_02 0O Aa +d4a,+Aha;+... +4a _ 02
A_a = ]_|p =+ {1 (25)
1 O a. | O ag 0
m m
Aa . ., m2 O +Aa, +Aa,+...+Aa +... +Aa, D2
L _ EﬁF ‘IE _ %HAal Aa2 Aa3 AaI AaF ‘IE (26)
Ay 0 acp 0 i aP i

C

It is seen that the crack growth Aa, for the |-th flight is expressed in terms of the crack growth of all previous
flights (4a,, 4a,, Aa,, Aa,, ... ,4Aq _,), and that the amount of crack growth is progressive, meaning the
amount of crack growth Aa, will continue to increase with the increasing number of flights
(e, da;<da, <ha; < ...<Ay <...).

In light of equations (21)—(26), if the crack growth Aa, of the first flight is known (i.e., caculated from
equation (17) from the first-flight data), then the crack growths (4a,, Aa,, 4a,, ..., 4y, ... ,AaF*) for all
subsequent flights can be calculated. Thisis the essence of the discrete aging theory.

For mathematical simplification, the right-hand sides of equations (21)—26) have been expanded to the first-
and second-order terms. The Ko first-order (ref. 5) and Ko second-order (refs. 6, 7) explicit aging equations were
developed for the calculations of the number of safeflights { F, IEI} . Those explicit aging equations based on the
Ko first- and Ko second-order aging theories are taken from references 5-7 and are referred to in the appendix.



2. Number of Safe Flights
When the crack growth summation (4a,; +4a, +da; + ... +Aa|:*_1 +AaF*) reaches the size of the

available crack differential (ag - acp) , One can write

Aa, +Aa, +Aay + ... +AaF*_1 +AaF* = ag—ag = F, x4y (27)

Equation (27) is an implicit aging equation based on the discrete aging theory for finding the number of safe
flights F . By substituting equations (21)—(26) into equation (27) with Aa, of the first flight calculated from
equation (17), the number of safeflights F  can be calculated.

In the computational process to find the value of F* from equation (27), the number of terms of summation of
Aa, on the left-hand side was successively increased step-by-step until the value of summation of the left-hand
side approached the value of (ag - af ) on theright-hand side.

Closed-Form Aging Theory
For the closed-form aging theory based on the “equival ent-constant-amplitude loading spectrum”, the aging

equation will be formulated through the integration of the Walker crack-growth-rate equation (9). The closed-form
aging theory will then be used to check the accuracy of the discrete aging theory.

1. Crack Growth

To formulate the closed-form aging theory, equation (10) is substituted into the Walker crack-growth-rate
equation (9) to yield the following form:

m
2

da _
aN {AM g ax[} (1-R) (a) 29)

which, after rearranging, becomes

m

EQE da = C[AMKamaxﬁ—ﬂ (1-R)"dN 9

Because the val uesof { g, R} areassumed to remain unchanged for all flights, equation (29) may be easily
integrated from aC to arbitrary crack size a for the left-hand side, and from O to the corresponding number of stress
cycles N for the right-hand side as

10



%pﬁ_?_%g_? - BPama . [ (RPN (30)
c] ) DD K ~max QD
which may be re-written in alternative form as
2
2-m
a= %Cpg -5 _C %‘“ —1E§\MK0mw£§m(1 ~R)"N (31)

Equation (31) isto be used to plot the crack size a as a function of number of stress cyclesN.

Also, integration of equation (29) over each flight interval with N, number of stress cycles, yields the
following “powered” crack-growth equation for each flight:

First flight:
d_m d_m m
P 2 2 _ 0] T n
aee 2 -F _cgzl‘—lm{AMKamax[d (1-R)"N, (32)
Second flight:
m m
d-3 _gd™7 - cm_oo nd
i —%‘21] 2 _CEE—lm%AMKamaX 5% (1-R)"N, (33)
I-th flight
m m
02 _gd 2 - ~mn_ 05 " n
%"I—lm 2 g 2 ‘Cﬁz‘_lD%\MKUmax 5% (1-R)'N, (34)
F, -th flight (Final flight)
-3 -3 0 om
, 9 70 T Oam T (-R"N+ ;a, =al 35
%FI_ID %‘FID h Dg‘ K Imax Q%( ) 3 ,aFl ac (35)

The earlier assumption that the loading spectra of all flights have the same number of stress cycles:
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N, =N, =Ny =... =N =... =N (36)
gives the following “powered” crack-growth relationships between al flights:

m

B A -gd e pd - @

|
=
|
Ol
[\
|
g
0
|
Y
1
I
=
|
oo _
|
N3
|
o]
-rl>(-
oo _
|
N3

2. Number of Safe Flights

By adding all the crack-growth equations (32)—(35) from flight | = 1to | = F*1 , and noting that ax = ag,
there results: 1

m m
PO~ 2 o 2
a ol &
m_ a0 il n O
=CEE—1D%AMKamaX o0 (1-R EN N+ N N
M i !

Dividing equation (38) by equation (32) results in an explicit aging equation for the calculation of the number
of safeflights F :

| <=mmmmmmmmmmee s F*terms -------------- >|
m m
g\I+N AN+ 4N+ +N- 0 gpdT2 god T2 (39)
N1 - m m

m m
\ %pd‘i_%oml‘i
F,xN, i c[] c[] (40)
N, T ,_m p_m
0 2 _,0 2
c[] 10

which is the aging equation for calculating the number of safe flights F: based on the closed-form aging theory.
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Alternatively, writing equation (30) for the flight age limit (i.e., a = ag, N = N;yiq ) We have

_m
2

eLEpEgile

"
_ n
= CD—“—lm[AM o axA/QE (1=R) Nygq (41)

Because of the assumption N, .., = F: x N, , division of equation (41) by equation (32) will yield the aging

equation identical to equation (40).

It must be mentioned that for the value of crack size a; = ag +Aa, (I = 1)for the first flight, Aa, isto be
calculated from equation (17) using the half-cycle theory as mentioned earlier.

EQUIVALENT STRESSAMPLITUDES

In the previous formulations of the equivalent-constant-amplitude aging theories, {0, R N} were
eliminated through division processes and, therefore did not appear in the final aging equations. Thus, there is no
need to know the actual magnitudes of { o,,,,,, R N} .

In fact, each random loading spectrum could be represented by a multiple number of equivaent-
constant-amplitude loading spectra based on the selections of the values of { 0., R, N} .
For the purpose of visualization, we will calculate the values of { 0, O1ins B+ @nd plot against the random
loading spectraflight data for comparisons.

To determine the maximum stress g, and the mean stress g, of the equivalent-constant-amplitude loading
spectrum, equation (30) may be rewritten in the following form:

d_m
2 _ 2
(O™ (1 —R)" = =2 [ g * B @)
max C(m-=2) EAMK N,
For the equivalent-constant-amplitude load spectrum, the following relationship holds:
Omin = 2as_amax (43)
0. 20,
R=_MN_- S _ (44)
Umax Gmax

Substitution of relationships (43) and (44) into the left-hand side of equation (42) yields:
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Change No. 1, April 1, 2004

mQ o. 0" (2)1—n O Q %EEI ? _%lg
(O) Od——2{ = E O (45)
mQg N

0 Opewll  C(M=2)[AM, |

m
2

In equation (45), the right-hand side is known, and the | eft-hand side has two unknowns: o, and g. Thus,
there are multiple combinations of o,,,,, and oy for finding the equivalent-constant-amplitude load spectrum. The
most practical way isto choose the value of the mean stress o of the random loading spectrum by inspection, and
then calculate the equivalent maximum stress g, from equation (45).

NUMERICAL EXAMPLE

The numerical example isto demonstrate how to calculate the number of safe flights for aflight test program.
The example chosen isthe NASA B-52B carrier aircraft pylon hooks (one front hook, two rear hooks) (figs.1, 2)
carrying the Pegasus winged three-stage solid rocket (44,629 Ib) up to high altitude (approximately 40,000 ft) for
air-launching, firing and sending the payload into orbit.

Material Properties

The material properties of the B-52B pylon front and rear hooks are listed in table 2.

Table 2. Material properties of B-52B pylon hooks.

Part name Material oy oy Ty Kig C m n
in. . —,\—m
i i i i fi KsiA/in.
ké ks ks ksi.in. oyl = Jin.)
Front hook Inconel 718" 175 145 135 125 9.220 X 10_12 360 216
Rear hooks AMAX MP35NT 250 235 141 124 2.944 x 10_11 324 1.69

* Inco Alloys International, Inc., Huntington, West Virginia.
T H. C. Starck, Inc., Cleveland, Ohio.

Input Crack Data

The fictitious surface crack at the critical stress point of each hook is assumed to be semicircular in shape
(c=4a, fig. 14). This is based on the observations of the past failed B-52B pylon two rear hooks. The crack
propagation initiation sites of the failed hooks were almost semi-circular surface cracks of depthsa =0.031 in. and
a = 0.038 in. respectively for the inboard and outboard hooks (ref. 2). Note from figure 14 that the semicircular
surface crack has the relatively high value of Q. Other crack parameters used were: A =1.12 for the surface crack,
and M. = 1.0 for the high (hook depth) to (crack depth) ratios.
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Before the test flights, the approximate number of safe flights must be estimated. Because the actual

random loading spectrum for each hook is not available for the calculation of the amount of crack growth Aa, for
Aa

the first flight, the value of —1 for each hook may be based on the earlier test data of SRB/DTV because of the

p
a
C
weight proximity of the two vehicles. The SRB/DTV (49,000 Ib) is only 8.92 percent heavier than the Pegasus

winged rocket (44,692 |b).

Aa
Theinitial crack size ag , the operational crack size ag , and the crack growth —! usedinthe aging analysis
p

ac

for the case of the Pegasus winged rocket are listed in table 3.

Table 3. Proof and operational crack sizes for B-52B pylon hooks carrying Pegasus
winged rocket (44,692 |b).

Hook name Hook proof ag ,in. ag in. A_?)l
|oad, Ib (f=10) (f= 0.6) ag
Front, V, 36,500 0.1247 0.3465 0.01814
Rear |€ft, VeL 57,819 0.0774 0.2151 0.00761
Rear left, VR 57,819 0.0774 0.2151 0.00989

In table 3, the value of initial crack size ag and the operational crack size ag are calculated respectively from
equations (4) and (5). The value of ag was calculated based on the assumption that operational peak stress is
60 percent of the proof stress (i.e., f = 0.6). Thisf value is dightly higher (more conservative) than the f valuesin
the SRB/DTV case, for which the f value for the front hook is f = 0.5450, for the left rear hook, f = 0.5946, and
for the rear right hook, f = 0.5986 (refs. 4, 5).

Aa Aa
Note that in table 3, the crack growth —pl of the right rear hook is 1.3 times larger than —pl of the rear left
a a
hook. This is based on SRB/DTV flight datca which show that the crack growth rate for the r?ght rear hook is

1.3 times larger than that of the |eft rear hook as aresult of the combined aerodynamic, inertial, and static loads.

Equivalent-Constant-Stress Amplitudes

The typical duration of a B-52B air-launch test flight is about 50 minutes (in the SRB/DTV case),
and the random loading spectrum has 4 cycles per second. Therefore, the number of stress cycles is
N, = 12,000 (= 50 x 60 x 4) cycles per flight. This value will be used in generating the equivalent-
constant-amplitude loading spectrum. Table 4 shows the calculated value of { g, ,,.0,,i,» R associated with
the equival ent-constant-amplitude load spectrum for given N, Aa,/ aE and og.

15



Table 4. Stress values for the equivalent-constant-amplitude loading spectra; N, = 12,000 cycles: Aa,/ acp and
o. given.
S

Aa

Hook — Given) oy ks (Given) O kS (F) Ok R
a
C
Front (V) 0.01814 108.000 115406 (0.43) 100594 08717
Rear left (Vg, ) 0.00761 127.000 130.157 (050) 123843 09515
Rear right (Vgg) 0.00989 132,500 136051 (053) 128949 09478

Figures 15-17 compare the actual random loading spectra (using available data of SRB/DTV) and the
associated equivalent-constant-stress amplitude stress cycles for the three hooks based on the data listed in table 3.
Notice that the f values for the equivalent-constant-stress amplitude stress cycles to cause the same amount of
damage as the random loading spectraare only in the range of f =0.43-0.53 (much lessthan f = 0.6).

Number of Safe Flights

Figures 18-20 show normalized crack sizes (4a,/ Aa,) plotted as functions of the number of the flight (1) for
the front and the rear hooks based on the different aging theories. The termina point of each crack growth curve
gives the predicted number of flights. Notice that the conventional aging theory gives horizontal lines (figs. 18-20)
because of the assumption, Aa, = Aa, . As the aging theory is improved, the slopes of the crack growth curves
become steeper and the predicted number of flights decreases. The crack growth curves based on the discrete aging
theory and the closed-form aging theory are practically coincidental. The two theories predicted identical and the
lowest number of flights.

Figure 21 shows the crack growth curves in the a — N space for the front and rear hooks based on the
closed-form aging theory [equation (31)]. For each hook, the intersection of the crack growth curve and the
corresponding operational crack limit line (a = ag horizontal line) will give the total number of available stress
cycles. After dividing the total number of cycles by 12,000 cycles per flight, one abtains the number of remaining
flights F: =39, F: =100, F; = 77 flights respectively for the front hook, rear left hook, and rear right hook.

Figures 22-24, respectively, show the crack growth curves for the front and the two rear hooks in the
a—flights space. The crack growth curve based on the classical aging theory for each hook is a straight line
because of the assumption that the amount of crack growth Aa, for every flight remains the same. The crack
growth curves based on the other aging theories are nonlinear. The intersecting points of the crack growth curves
and the associated horizontal operational crack limit line (a = ag horizontal lines) will give the number of
remaining flights {F,, Fi, IEI, F*, F*1} based on the different aging theories. The values of
{F,Fy,F,,F F|} areindicated in thefigures.
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Table 5 summarizes the number of remaining flights {F,, Fi, IEI, F*, F*l} predicted from different aging
theories for the case of B-52B hooks carrying the Pegasus launching vehicle.

Table 5. Number of safe flights predicted from different aging theories for the case of B-52B hooks carrying the
Pegasus winged rocket (44,692 Ib).

Hook F, (F/F) Fi (F/F) Fr (FUF) F R
Front (V) 98 (251 53 (1.36) 45 (115) 39 39
Rear left (Vg ) 234 (2.34) 130 (1.30) 110 (1100 100 100
Rear right (Vgg) 180  (2.34) 100 (1.30) 85  (L10) 777

In table 5, the predictions from different aging theories are also normalized by the closed-form solution F*1
(inside the parentheses). Note that the classical aging theory predicts the number of remaining flights by more than
twice that predicted by the closed-form (or finite-difference) aging theory.

CONCLUDING REMARKS

New aging theories have been developed to accurately estimate the number of safe flights for airborne
structural components. The highlights are listed below.

1. The newly-developed aging theories take into account the progressive crack growth problem, and,
therefore, predict far fewer safe flights of airborne critical structural components than that predicted from
the conventional aging theory due to the inclusion of all the higher-order terms.

2. The new aging theories and the previous Ko first- and Ko second-order aging theories agree well at alow
number of flights. However, as the number of flights increases, the two previous aging theories dightly
overpredict the number of remaining flights in relation to the two newly-developed aging theories which
include all the higher-order terms.

3. Both the discrete and the closed-form aging theories predict a practically identical number of safe flights.

4. The closed-form aging theory provides an explicit expression of the aging equation for the calculations of
the number of safe flights.

5. The discrete aging theory alows step-by-step updating of the number of remaining safe flights for
geometrical visualization of how the number of remaining safe flights are consumed.

6. Thefront hook has the shortest flight-test life span, and therefore is the most critical structural component
in determining the limit number of flights for safe flight tests.

7. In the case of the Pegasus winged rocket, the number of available safe flights for the flight tests is
39 flights.
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APPENDIX
KO FIRST-ORDER AND KO SECOND-ORDER AGING THEORIES

This appendix is based on the results presented in references 5, 6, and 7.

Under the assumption that {o,,., R, N} reman the same for al flights, and while the value of
Aa, +Aa, +Aa, +... Aa, +Aa, + Aa, +. ..
L2 3 is till small (i.e, ——2—3

p p
ac Aa ac
(i.e, | is not large), the crack growth LTaI for each flight [equations (21)—(26)] may be expanded up to
1

second-order terms as follows (refs. 5, 6, 7):

ax?

<< 1) during the earlier stage of flight tests

m
2
ba, g’
Za - Og - (A1)
1 B0
m m
Aa A, 02 O Aal?2 Aa,0d Aa, Aa,[12
2% _ B - 54257 4 drdd | _1ndd +12E|'1—%Ea1'—lm+ ....... (A-2)
da; O O gPO aPdl 22 4PO 2 aPO
C C C C C
m m m
Aa A, 02 O Aa, +Aa[2 a, 0 Aaydl?
_3 = D_2|:| = |:][+___1______2D = |:1+_1|:l+___2]ji| (A_3)
Aa, ChPO 0 a? O al O Aa]
Aa,[ Aa,0d Aa [
=1+2ED—1D 1—1813—@ +22%—15811—1D +.......
2 g0 202 PO MR aP 0
m m m
Aa ., 02 O Aa, +A4a,+Aa]2 Aa, 0 Aa, Aafll?
_4:|]._3|:| =0+ 1 2 3D:|:1+__l|:l+_2 3:| (A_4)
Aa, EéED 0 a(l? 0 ag 0 4da; daf
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m m
2

Ay [ _ O 0 Aa,+4a,+Aa;+... +4q _ 02
— =0 =0+ {J (A-5)
a] Daf:) O O af:) O
m
Aa,[Na, Aa3 Az, 012
1+ —0O—=+ +...0+
pgﬂal Aq, Aa;
C

) 1 Aa,[2
_1+(|—1)BI‘—;—%[1—-BI‘—;—%}+(|—1) H - EE;I:;——JD o

Ko First-Order Aging Theory

Aa
The first-order expansion of LTaI [equations (A-1)—(A-5)] gives the following first-order aging formula
1
for the calculation of the remaining flights F; (ref. 5).

p
_ 2a. O mAa 0
F, = —= 0/l +—F,-10 A-6
1 1
mAa, aP 0
C

Notice that the number of remaining flights F; based on the Ko first-order aging theory is expressed explicitly
interms of F,, the number of remaining flights based on the classical aging theory.

Ko Second-Order Aging Theory

By retaining up to the second-order terms of expansions in equations (A-1)—(A-5), one obtains the
following Ko second-order aging equation for the calculations of remaining flights F; expressed explicitly interm
of F, asfollows(refs. 6, 7).

F =B+D—;—) (A-7)

where both B and D are functions of F, and are given by

B = 3/_@+ /é 37 (A-8)

D = 3-£- gf (A-9)

T‘
SR

where
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a = (3q-p) (A-10)

B = 51;(2p3—9pq+27r) (A-11)

wherep, q, r are the coefficients of the following cubic equation

Fl+pFr+ qF, +1 =0 (A-12)
and are given below.
3 O 3 apD
p = 0 -2m+2—=] (A-13)

2(m=-1)g 2 Aan

% as naP %
20 m-1]2 Aa;, mAdan O (A-14)
0 0
2
12F, 0a’0
r= L_G= (A-15)

B m(m—l)gﬂB alDD

Notice that F, (remaining safe flights based on the conventional aging theory) appears only in the
expression for r in equation (A-15).
Aa,; +Aa, +Aa; +. ..
ap

. 0 C

5 <<17, the Ko first- and Ko second-order aging theories could give reasonably
0

a

C
accurate number of remaining flights. However, the two theories start to lose accuracy as the number of flight (1)

At relatively low number of flights (i.e., | is not too large), the term is gtill small

0 Aa, +Aa,+Aa, +..
O.e, —! % 3
O

increases.
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Figure 1. B-52B launching aircraft pylon carrying winged Pegasus rocket.
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Figure 3. Distribution of tangential stress g, along inner boundary of front hook; V , = 10, 000 Ib.
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Figure 4. Distribution of tangential stress o, along inner boundary of rear hook; Vg = Vgg = 17,179.53 Ib.
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Figure 5. Random loading spectrafor B-52B hooks carrying SRB/DTV (captive flight); takeoff run and airborne.
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Figure 6. Random loading spectrafor B-52B hooks carrying SRB/DTV (captive flight); landing and taxiing.
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Figure 7. Typical random loading spectrum for front hook (V ,) critical stress point 1 (g, ); B-52B carrying
SRB/DTV.
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Figure 8. Crack growth curve for front hook (V , ) critical stresspoint 1 (o, ); B-52B carrying SRB/DTV.
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Figure 9. Typical random loading spectrum for Ieft rear hook (Vg ) critica stress point 2 (0, ); B-52B carrying

SRB/DTV.
64 x 107°
ol —.07404
| e n 1 (TIRN (T SN [ | | S
56 = Denote areas of missing data J 07396
48 SRB/DTV — 07388
drop
40 —.07380
Crack Crack
growth, 32 — , —.07372 length,
in. Cruise power in.
| Airborne —
24 Takeoff run 07364
Stop taxi
16 Resume taxi —.07356
Stop taxi
8 —.07348
| | | | | | | | | | | | I 2 97340
0 |_ 4 8 12 16 20 24 28 32 36 40 44 48 52
Start taxi Time, min 030256

Figure 10. Crack growth curve for left rear hook (Vg ) critical stress point 2 (g, ); B-52B carrying SRB/DTV.
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Figure 11. Typical random loading spectrum for right rear hook (Vgg) critical stress point 3 (05 ); B-52B carrying
SRB/DTV.
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Figure 12. Crack growth curve for right rear hook (V) critical stress point 3 (o3 ); B-52B carrying SRB/DTV.
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Figure 13. Graphic evaluation of crack growth increments for random loading spectrum using half-cycle theory.

28



Y S .
|
4= ‘% :
% a |
}
3fF  k2c 9 - !
oy |
oL Negligible :
0.6 i
0.8 :
! 1.0 ;
0 _.qk L I I ¥
5 1.0 1.5 20 2265 2.5
Q
*\2
Q=[EK]-0.212 (g )
Y

E®) =Sogmd¢; k=\/1_(7)2

030260

Figure 14. Surface flaw shape and plasticity factor for semi-elliptic surface crack.

150

°1 100
ksi

75

0, =7.3522x 1073 V, ksi (V, in Ib.)

Stress range of
equivalent-constant

G, = 108.000 ksi

| -amplitude loading , o
spectrum O\ nax = 115.406 ksi
1 sec O i, = 100.594 ksi
% % R =0.8717
50 l | I l I I l l l
Time, sec
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front hook (V 5 ).
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of random loading spectrum with equivalent-constant-amplitude loading spectrum;
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Figure 16. Representation of random loading spectrum with equivalent-constant-amplitude loading spectrum;
rear left hook (Vg ).
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Figure 17. Representation of random loading spectrum with equivalent-constant-amplitude loading spectrum;
rear right hook (Vgg)-
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Figure 18. Crack growth ratio (Aa, /Aa, ) curves calculated from different aging theories; front hook (V 4 ).
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Figure 19. Crack growth ratio (Aa, /Aa, ) curves calculated from different aging theories; rear left hook (Vg ).
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Figure 20. Crack growthratio (Aa, /Aa, ) curves calculated from different aging theories; rear right hook (Vgg).
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Figure 21. Crack growth curvesin a—N space calculated from closed-form aging theory for the front hook (V 4 )
and two rear hooks (Vg , VgRr)-
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Figure 22. Crack growth curvesin a— flights space calculated from different aging theories; front hook.
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Figure 23. Crack growth curvesin a— flights space calculated from different aging theories; rear left hook.

33



.05

A=1.12
M, =1

ag =0.0774in.(f=1) a  Q=2.265
l 2c I m = 3.24
a=c n=1.69

| l I I | | | | I I

20 40 60 80 100 120 140 160 180 200
Flights, £

030270

Figure 24. Crack growth curvesin a— flights space calculated from different aging theories; rear right hook.
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